Catalytic methane decomposition is studied in a fixed bed reactor. Two sets of bimetallic catalysts are employed, namely: 30%Fe-X%Ce/Al 2 O 3 and 30%Fe-X%Co/Al 2 O 3 , and compared with monometallic 30%Fe/Al 2 O 3 catalyst. The effect of promoting Fe with Ce and Co and reduction temperature are investigated. The results reveal that Ce addition has shown a negative impact on H 2 yield while a positive effect on H 2 yield and catalyst stability are observed with Co addition. In terms of number of moles of produced hydrogen per active sites, Fe/Al 2 O 3 has shown a higher number of moles of hydrogen compared to bimetallic catalysts. The catalyst reduced at 500˝C exhibits better activity as compared to the catalyst reduced at 950˝C. Carbon nano-tubes are deposited on the catalyst within the range of 14-73 nm diameter. Two types of carbon nanotubes are detected: Cα and Cγ.
Introduction
Hydrogen is the ultimate clean energy carrier; when hydrogen is burned, only water is produced as a by-product. Hydrogen can be produced from different sources, including: water splitting, hydrocarbons cracking, and biomass gasification. The cheapest process for hydrogen production is the steam reforming of methane. Hydrogen produced from methane steam reforming is contaminated with carbon monoxide. CO is poisonous for different catalysts in industries at which hydrogen is used as a raw material. Due to technical and financial limitations, it is not feasible to produce CO-free hydrogen from methane steam reforming. Catalytic methane decomposition is a process by which methane decomposes over a catalytic surface to its basic elements: solid carbon and gaseous hydrogen.
Methane is the most stable hydrocarbon, which eliminates the possibility of methane thermal cracking at temperatures lower than 1200˝C. Different catalysts were studied for methane decomposition including: carbonaceous catalysts, like activated carbon and carbon black, metal catalysts, especially iron group metals, and noble metals, like Pd and Pt [1, 2] . Metallic catalysts are used effectively for methane catalytic cracking [1, 3, 4] . The iron group elements can be used successfully to decompose methane into carbon and hydrogen. Ni is extensively used as a catalyst for catalytic methane decomposition due its superior catalytic activity reported in literature. Fe is distinguished with a high carbon deactivation resistance. Carbon nanotubes are produced as a co-product during methane catalytic decomposition [5, 6] . Due to its unique properties, carbon nanotubes are a field of potential interest with wide applications in different fields [7] . Carbon nanotubes have wide commercial applications including adsorption processes, electronics and catalysis [1, [8] [9] [10] .
Iron containing catalysts are widely used in research to assess their activity and to study the produced carbon filaments. Jang and Cha [11] employed iron supported over alumina in a fluidized bed reactor for catalytic decomposition of methane. The results revealed that hydrogen yield increased with temperature. However, no appreciable conversion has been reported at temperatures lower than 800˝C. Mixed catalyst showed a better stability due to oxidation of a small portion of deposited carbon by lattice oxygen in oxygen containing compounds like ceria and formation of filamentous carbon [12, 13] .
Avdeeva et al. [14] investigated the performance of Fe/Al 2 O 3 and Fe-Co/Al 2 O 3 using a fixed bed reactor to study the carbon deposited from methane decomposition. They concluded that Fe/Al 2 O 3 carbon capacity has increased when Co is added. The catalyst carbon capacity has increased remarkably by adding 6%Co to 50%Fe/Al 2 O 3 from 26.5 to 52.4 g/g cat . Introducing Co to Fe catalyst has affected Fe crystal formation which facilitate Fe reduction [12] . Fe-Co spinel was confirmed containing cobalt ferrites [12, 13] .
Reshetenko et al. [15] studied the catalytic methane decomposition in a fluidized bed reactor using Fe/Al 2 O 3 , Fe-Co/Al 2 O 3 , and Fe-Ni/Al 2 O 3 at the temperature range of 600-650˝C. The results indicated the positive effect on catalyst carbon capacity by adding Co to Fe. Different loadings of active sites were used. The maximum carbon capacity (145 g/g cat ) was observed with bimetallic catalysts in the following weight percentage ranges: 50-65 wt. % Fe, 5-10 wt. % Co (or Ni), and 25-40 wt. % Al 2 O 3 . The authors attributed the improvement attained with the bimetallic catalysts to the formation of the special crystal structure leading to an optimum particle size distribution. Different characterization techniques have confirmed the formation of an alloy between Fe and Co.
Tang et al. [16] employed Fe/CeO 2 for methane decomposition using a fixed bed reactor at 750˝C. The optimum activity was observed with a catalyst composed of 60 wt. % Fe 2 O 3 and 40 wt. % CeO 2 . CO was detected due to carbon oxidation by high mobility lattice oxygen from Ceria. Comparing Fe and Ceria and Fe-Ce bimetallic catalysts, Ce monometallic catalyst showed very small CH 4 conversion activity. Fe catalyst showed 60% CH 4 conversion after 25 min, then the catalyst was completely deactivated after 50 min. Using mixed catalysts, around 77% CH 4 conversion was observed after 25 min with 60 wt. % Fe 2 O 3 -40 wt. % CeO 2 and 40 wt. % Fe 2 O 3 -60 wt. % CeO 2 . The conversion reported for both catalysts decreased gradually to 25% after 150 min, then it maintained a stable value until the reaction was terminated at 250 min. The improved dispersion of Fe catalyst after adding Ce is attributed to the increased distance between Fe particles due to loading Ce. Such interaction between Fe and Ce does not include a formation of alloy between Fe and Ce. However, the formation of a solid solution of Fe and Ce was reported in literature [16, 17] .
Bayat et al. [18] employed iron promoted nickel catalysts supported on nanocrystalline gamma alumina as a catalyst for methane decomposition to produce CO-free hydrogen and carbon nano-fibers using a fixed bed reactor. The results have revealed that Fe addition to nickel has improved catalyst stability since carbon diffusion is enhanced reducing the encapsulating carbon formation.
Ibrahim et al. [19] studied catalytic methane decomposition using Fe catalyst supported on alumina for hydrogen production in a fixed bed reactor at 700˝C. The authors used different weight percentages of Fe/Al 2 O 3 (15%-100%). For Fe loadings (15%-60%), a maximum hydrogen yield of 77% was attained with 60 wt. % Fe. For higher Fe loadings, a decrease in hydrogen yield was reported due to the decrease in Fe dispersion resulting from reduction in available surface area of active sites. Bimetallic catalysts may attain better stability and activity due to the presence of different combinations of active sites.
Those active sites will play different roles, which will facilitate the reaction and enhance the reaction rate. In this article, catalytic methane decomposition is studied in a fixed bed reactor to maximize CH 4 conversion by varying the operating conditions and catalyst. Bimetallic catalysts Fe-Co/Al 2 O 3 and Fe-Ce/Al 2 O 3 are used at 700˝C. Different factors are considered, including: catalyst loading, time on stream, reduction temperature, and reaction temperature. The aim of our work is to investigate the effect of Ce/Co addition of Fe/Al 2 O 3 catalyst, to understand the role of the bimetallic catalyst for methane decomposition, and to study the effect of reaction conditions on the mono and bi-metallic catalysts.
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Catalyst Characterization
The TPR profiles of Fe-Co and Fe-Ce catalysts were collected to investigate the interactions between the two metals and between metals and alumina support. Figures 1 and 2 show the TPR profiles for 30%Fe-X%Co/Al2O3 and 30%Fe-X%Ce/Al2O3, respectively. The H2-TPR analysis was performed over 30%Fe/Al2O3 catalyst as a reference profile and over mixed catalysts (30%Fe-X%Ce/Al2O3 and 30%Fe-X%Co/Al2O3). As shown in Figure 1 , monometallic 30%Fe/Al2O3 catalyst showed two peaks at 420 °C and a broad signal with a peak around 680 °C corresponding to conversion of Fe2O3 to Fe3O4 and reduction of Fe3O4 to Fe, respectively [13, [20] [21] [22] . The monometallic profile of 30%Co/Al2O3 has shown two peaks between 260 and 400 °C and between 410 and 750 °C. The TPR results have shown an interference between peaks observed for 30%Fe/Al2O3 and 30% Co/Al2O3 [21, 22] . For mixed catalyst, 30%Fe-X%Co/Al2O3 catalyst profiles demonstrated a peak between 370 and 390 °C, which is attributed to the reduction of Fe2O3 to Fe3O4; while the broad signal observed between 500 °C and 730 °C represents a dual reduction mechanism starting with Co3O4 to Co slightly above 500 °C and Fe3O4 to Fe above 600 °C [13, [20] [21] [22] . The simultaneous reduction of Fe3O4 and Co3O4 indicates the possibility of an interaction between Fe and Co, as confirmed by the hydrogen chemisorption [13, 15, 21, 22] . One can note that the change in the bimetallic catalyst composition does not have a significant impact on the redox behavior of the catalyst, which may indicate the lack of formation of chemical compounds between Fe and Co particles. 
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The TPR profiles of Fe-Co and Fe-Ce catalysts were collected to investigate the interactions between the two metals and between metals and alumina support. Figures 1 and 2 show the TPR profiles for 30%Fe-X%Co/Al2O3 and 30%Fe-X%Ce/Al2O3, respectively. The H2-TPR analysis was performed over 30%Fe/Al2O3 catalyst as a reference profile and over mixed catalysts (30%Fe-X%Ce/Al2O3 and 30%Fe-X%Co/Al2O3). As shown in Figure 1 , monometallic 30%Fe/Al2O3 catalyst showed two peaks at 420 °C and a broad signal with a peak around 680 °C corresponding to conversion of Fe2O3 to Fe3O4 and reduction of Fe3O4 to Fe, respectively [13, [20] [21] [22] . The monometallic profile of 30%Co/Al2O3 has shown two peaks between 260 and 400 °C and between 410 and 750 °C. The TPR results have shown an interference between peaks observed for 30%Fe/Al2O3 and 30% Co/Al2O3 [21, 22] . For mixed catalyst, 30%Fe-X%Co/Al2O3 catalyst profiles demonstrated a peak between 370 and 390 °C, which is attributed to the reduction of Fe2O3 to Fe3O4; while the broad signal observed between 500 °C and 730 °C represents a dual reduction mechanism starting with Co3O4 to Co slightly above 500 °C and Fe3O4 to Fe above 600 °C [13, [20] [21] [22] . The simultaneous reduction of Fe3O4 and Co3O4 indicates the possibility of an interaction between Fe and Co, as confirmed by the hydrogen chemisorption [13, 15, 21, 22] . One can note that the change in the bimetallic catalyst composition does not have a significant impact on the redox behavior of the catalyst, which may indicate the lack of formation of chemical compounds between Fe and Co particles. [17, 23, 25] . The interaction of Fe and Ce is not expected to result in a formation of chemical compounds [17, [23] [24] [25] . Table 1 shows the BET surface area in m 2 /g as measured using N 2 physisorption. A drop of 30%Fe/Al 2 O 3 BET surface area is observed when CO/Ce is added in 6%. The drop in surface area is larger in case of 30%Fe-6%Co/Al 2 O 3 compared to 30%Fe-6%Ce/Al 2 O 3 . The measured BET surface area increases with increasing CO/Ce percentage from 6% to 15% and 30% in the bimetallic catalyst. The BET surface area increase was higher when Ce is added compared to Co addition. Table 2 for mixed catalysts. Fresh 30%Fe-15%Ce/Al 2 O 3 and 30%Fe-15%Co/Al 2 O 3 catalysts reduced at 500˝C demonstrated a lower dispersion value compared to fresh 30%Fe/Al 2 O 3 (13.36% and 11.71%, respectively). The dispersion has decreased due to the addition of an extra 50% of active site e.g., Co or Ce to 30%Fe/Al 2 O 3 . 30%Fe-15%Ce/Al 2 O 3 reduced at 950˝C catalyst has shown a higher dispersion value compared to 30%Fe-15%Ce/Al 2 O 3 catalyst reduced at 500˝C, which may be attributed to the stabilization effect of Ce preventing excessive dispersion. The improved overall dispersion of 30%Fe-15%Ce/Al 2 O 3 at 950˝C is attributed to better reduction achieved at 950˝C. 30%Fe-15%Co/Al 2 O 3 catalyst reduced at 500˝C and 950˝C exhibited dispersion values of 11.71% and 11.98%, respectively. 30%Fe-15%Co/Al 2 O 3 dispersion results showed that catalyst stability attained after adding Co prevented sintering of catalyst, and the better reduction achieved at 950˝C maintained almost the same value of dispersion compared to catalysts reduced at 500˝C. TPR results showed a reduction peak at temperatures higher than 500˝C for 30%Fe-X%Co/Al 2 O 3 . Figure 3 illustrates a remarkable change in the crystal lattice of 30%Fe/Al 2 O 3 when Co is added at a ratio of ½ or higher to iron (30%Fe-15%Co/Al 2 O 3 and 30%Fe-30%Co/Al 2 O 3 ). However, a dramatic change is observed with the crystal lattice of 30%Fe/Al 2 O 3 due to Ce addition, even when added in small amounts, 30%Fe-6%Ce/Al 2 O 3 , as shown in Figure 4 .
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Complicated and overlapping XRD profiles are detected for the mixed catalysts. For 30%Fe-X%Co/Al2O3 catalysts, crystal phases of Fe2O3, Al2O3, and Co3O4 are identified as shown in Figure 3 . Peaks at 2θ values of 34°, 37°, 41°, 47°, 53° and 67° are corresponding to that of Fe2O3. Peaks at 2θ values of 28°, 43°, and 57° are corresponding to that of Co3O4. While 44° and 66° peaks are corresponding to Al2O3 [21, 22] . For 30%Fe-X%Ce/Al2O3 catalysts, crystal phases of Fe2O3, Al2O3, and CeO2 are detected as shown in Figure 4 . Peaks at 2θ values of 34°, 37°, 41°, 47°, 53°, and 67° are corresponding to that of Fe2O3. Peaks at 2θ values of 28°, 47°, and 56° are corresponding to that of CeO2. While 44° and 66° peaks are corresponding to Al2O3 [23, 25] . Formation of solid solution of hematite and ceria is confirmed in the literature [16, 26, 27] 
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Effect of Reduction Temperature
The effect of promoting 30%Fe/Al2O3 catalyst with Ce or Co is the focus of the present study. [23, 25] . Formation of solid solution of hematite and ceria is confirmed in the literature [16, 26, 27] and/or the reduction of more active sites using produced hydrogen at 700˝C [23] [24] [25] . The experimental results revealed that reduction was conducted effectively for CeO 2 sites, since neither CO nor CO 2 has been detected for 30%Fe-X%Ce/Al 2 O 3 .
Catalysts 2016, 6, 40 6 of 15 Figure 5 illustrates the drop in H2 yield obtained using 30%Fe/Al2O3 when Ce is added. By comparing H2 yield after 20 min on the stream, 30%Fe/Al2O3 exhibited a 54.9% yield. The best Fe-Ce mixed catalyst performance after 20 min is observed with 30%Fe-15%Ce/Al2O3 around 52.8% H2 yield. After 180 min, a similar discrepancy is observed; 69% and 65.6% H2 yields are witnessed using 30%Fe/Al2O3 and 30%Fe-15%Ce/Al2O3, respectively. Nearly parallel H2 yield lines are noted for 30%Fe/Al2O3, 30%Fe-15%Ce/Al2O3, and 30%Fe-30%Ce/Al2O3 ordered from highest to lowest H2 yield. 30%Fe-6%Ce/Al2O3 demonstrated H2 yield almost similar to 30%Fe-30%Ce/Al2O3 20 min from the onset of the reaction, then H2 yield increased rapidly between 60 and 80 min; then, it reached a value slightly higher than H2 yield observed with 30%Fe-15%Ce/Al2O3. The rapid increase of 30%Fe-6%Ce/Al2O3 reported H2 yield between 60 and 80 min can be explained by the rearrangement of Fe-Ce lattice by thermal treatment at 700 °C approaching a performance closer to 30%Fe/Al2O3 and/or the reduction of more active sites using produced hydrogen at 700 °C [23] [24] [25] . The experimental results revealed that reduction was conducted effectively for CeO2 sites, since neither CO nor CO2 has been detected for 30%Fe-X%Ce/Al2O3. Generally, a steady increase in H2 yield was observed for all 30%Fe-X%Ce/Al2O3 catalysts. The improvement of catalyst performance is attributed to the insufficient reduction duration at 500 °C especially for Fe sites. By releasing more hydrogen because of methane cracking, a better reduction of the catalyst sites can be achieved. The negative effect of Ce addition could be explained by a reduction in active sites subjected to the reaction due to sintering.
Catalyst reduced at 950 °C has demonstrated a lower catalytic performance compared to catalyst reduced at 500 °C as shown in Figure 6 . The remarkable drop in yield may be attributed to active site Figure 5 illustrates the drop in H2 yield obtained using 30%Fe/Al2O3 when Ce is added. By comparing H2 yield after 20 min on the stream, 30%Fe/Al2O3 exhibited a 54.9% yield. The best Fe-Ce mixed catalyst performance after 20 min is observed with 30%Fe-15%Ce/Al2O3 around 52.8% H2 yield. After 180 min, a similar discrepancy is observed; 69% and 65.6% H2 yields are witnessed using 30%Fe/Al2O3 and 30%Fe-15%Ce/Al2O3, respectively. Nearly parallel H2 yield lines are noted for 30%Fe/Al2O3, 30%Fe-15%Ce/Al2O3, and 30%Fe-30%Ce/Al2O3 ordered from highest to lowest H2 yield. 30%Fe-6%Ce/Al2O3 demonstrated H2 yield almost similar to 30%Fe-30%Ce/Al2O3 20 min from the onset of the reaction, then H2 yield increased rapidly between 60 and 80 min; then, it reached a value slightly higher than H2 yield observed with 30%Fe-15%Ce/Al2O3. The rapid increase of 30%Fe-6%Ce/Al2O3 reported H2 yield between 60 and 80 min can be explained by the rearrangement of Fe-Ce lattice by thermal treatment at 700 °C approaching a performance closer to 30%Fe/Al2O3 and/or the reduction of more active sites using produced hydrogen at 700 °C [23] [24] [25] . The experimental results revealed that reduction was conducted effectively for CeO2 sites, since neither CO nor CO2 has been detected for 30%Fe-X%Ce/Al2O3. Generally, a steady increase in H2 yield was observed for all 30%Fe-X%Ce/Al2O3 catalysts. The improvement of catalyst performance is attributed to the insufficient reduction duration at 500 °C especially for Fe sites. By releasing more hydrogen because of methane cracking, a better reduction of the catalyst sites can be achieved. The negative effect of Ce addition could be explained by a reduction in active sites subjected to the reaction due to sintering.
Catalyst reduced at 950 °C has demonstrated a lower catalytic performance compared to catalyst reduced at 500 °C as shown in Figure 6 . The remarkable drop in yield may be attributed to active site Generally, a steady increase in H 2 yield was observed for all 30%Fe-X%Ce/Al 2 O 3 catalysts. The improvement of catalyst performance is attributed to the insufficient reduction duration at 500˝C
especially for Fe sites. By releasing more hydrogen because of methane cracking, a better reduction of the catalyst sites can be achieved. The negative effect of Ce addition could be explained by a reduction in active sites subjected to the reaction due to sintering.
Catalyst reduced at 950˝C has demonstrated a lower catalytic performance compared to catalyst reduced at 500˝C as shown in Figure 6 . The remarkable drop in yield may be attributed to active site sintering. H 2 yield using 30%Fe-6%Ce/Al 2 O 3 is higher than that obtained with other catalysts. 30%Fe/Al 2 O 3 , 30%Fe-15%Ce/Al 2 O 3 , and 30%Fe-30%Ce/Al 2 O 3 demonstrate a stable performance over the entire reaction time. While 30%Fe-6%Ce/Al 2 O 3 performance improved slightly with time, since H 2 yield increased from 15.3% after 20 min to 18.1% after 180 min. The improvement in 30%Fe-6%Ce/Al 2 O 3 performance with time indicates that adding Ce to Fe catalyst in small amounts may be beneficial for catalytic activity. This observation can be explained by considering the formation of bimetallic catalysts, which facilitates methane decomposition, since it provides two types of active sites. In addition, lattice oxygen in ceria may help in maintaining catalyst activity for longer periods by oxidizing part of the deposited carbon, which may reduce the deactivating carbon. The higher weight percentage of Ce may increase the possibility of sintering.
Figures 7 and 8 show the effect of Co addition to 30%Fe/Al 2 O 3 for catalysts reduced at 500˝C and 950˝C, respectively. In general, Co addition has a positive effect on 30%Fe/Al 2 O 3 performance. The mixed catalysts 30%Fe-X%Co/Al 2 O 3 showed a higher H 2 yield compared to 30%Fe/Al 2 O 3 . Figure 7 demonstrates the effect of Co addition, when the catalyst is reduced at 500˝C. After 20 min., 30%Fe-15%Co/Al 2 O 3 catalyst showed a H 2 yield of 62.9% as compared to 54.9% reported for 30%Fe/Al 2 O 3 . After that, 30%Fe-15%Co/Al 2 O 3 and 30%Fe-6%Co/Al 2 O 3 exhibited a better performance compared to 30%Fe-30%Co/Al 2 O 3 and 30%Fe/Al 2 O 3 . The positive effect of Co addition is attributed to the fact that Co is an element of the iron group, which is well known as a powerful catalyst for hydrocarbon cracking. In addition, Fe-Co mixture has higher capacity of carbon compared to Fe. Higher carbon capacity refers to a better durability of catalyst towards deposited carbon preventing quick catalyst deactivation due to formation of encapsulating carbon [14] . While the deterioration in catalyst performance for 30%Fe-30%Co/Al 2 O 3 is due to faster sintering as the amount of active sites increases. Similar to 30%Fe-X%Ce/Al 2 O 3 reduced at 500˝C, a remarkable improvement in H 2 yield has been observed as the time on stream increases between 20 and 80 min. This improvement is due to the release of the H 2 from methane decomposition, which continued the reduction of Fe and Co active sites leading to an overall increase in the total number of active sites available for the reaction. After 80 min, H 2 yield reached a stable value, which indicates some kind of equilibrium on the catalyst surface between the carbon deposition rate and methane decomposition [1, 2] . By comparing the molar low rate of hydrogen in terms of moles of hydrogen normalized to grams of active phase per hour produced using 30%Fe/Al 2 O 3 and 30%Fe-X%Co/Al 2 O 3 as shown in Figure 9 , the results show that a higher number of moles is produced over monometallic Fe catalyst compared to Fe-Co mixed catalysts. sintering. H2 yield using 30%Fe-6%Ce/Al2O3 is higher than that obtained with other catalysts. 30%Fe/Al2O3, 30%Fe-15%Ce/Al2O3, and 30%Fe-30%Ce/Al2O3 demonstrate a stable performance over the entire reaction time. While 30%Fe-6%Ce/Al2O3 performance improved slightly with time, since H2 yield increased from 15.3% after 20 min to 18.1% after 180 min. The improvement in 30%Fe-6%Ce/Al2O3 performance with time indicates that adding Ce to Fe catalyst in small amounts may be beneficial for catalytic activity. This observation can be explained by considering the formation of bimetallic catalysts, which facilitates methane decomposition, since it provides two types of active sites. In addition, lattice oxygen in ceria may help in maintaining catalyst activity for longer periods by oxidizing part of the deposited carbon, which may reduce the deactivating carbon. The higher weight percentage of Ce may increase the possibility of sintering. Figures 7 and 8 show the effect of Co addition to 30%Fe/Al2O3 for catalysts reduced at 500 °C and 950 °C, respectively. In general, Co addition has a positive effect on 30%Fe/Al2O3 performance. The mixed catalysts 30%Fe-X%Co/Al2O3 showed a higher H2 yield compared to 30%Fe/Al2O3. Figure 7 demonstrates the effect of Co addition, when the catalyst is reduced at 500 °C. After 20 min., 30%Fe-15%Co/Al2O3 catalyst showed a H2 yield of 62.9% as compared to 54.9% reported for 30%Fe/Al2O3. After that, 30%Fe-15%Co/Al2O3 and 30%Fe-6%Co/Al2O3 exhibited a better performance compared to 30%Fe-30%Co/Al2O3 and 30%Fe/Al2O3. The positive effect of Co addition is attributed to the fact that Co is an element of the iron group, which is well known as a powerful catalyst for hydrocarbon cracking. In addition, Fe-Co mixture has higher capacity of carbon compared to Fe. Higher carbon capacity refers to a better durability of catalyst towards deposited carbon preventing quick catalyst deactivation due to formation of encapsulating carbon [14] . While the deterioration in catalyst performance for 30%Fe-30%Co/Al2O3 is due to faster sintering as the amount of active sites increases. Similar to 30%Fe-X%Ce/Al2O3 reduced at 500 °C, a remarkable improvement in H2 yield has been observed as the time on stream increases between 20 and 80 min. This improvement is due to the release of the H2 from methane decomposition, which continued the reduction of Fe and Co active sites leading to an overall increase in the total number of active sites available for the reaction. After 80 min, H2 yield reached a stable value, which indicates some kind of equilibrium on the catalyst surface between the carbon deposition rate and methane decomposition [1, 2] . By comparing the molar low rate of hydrogen in terms of moles of hydrogen normalized to grams of active phase per hour produced using 30%Fe/Al2O3 and 30%Fe-X%Co/Al2O3 as shown in Figure 9 , the results show that a higher number of moles is produced over monometallic Fe catalyst compared to Fe-Co mixed catalysts. By increasing the reduction temperature to 950 °C, H2 yield decreased significantly since the active sites sintering at such a high temperature will lead to a substantial reduction in the surface area available for reaction. As shown in Figure 8 , the maximum yield after 20 min is 32.4% and 52.4% after 180 min as observed with respect to 30%Fe-30%Co/Al2O3. 30%Fe/Al2O3 exhibits H2 yield values of 13.6% and 11.7% after 20 and 180 minutes, respectively, which is considerably less than the yield observed with 30%Fe-X%Co/Al2O3. One can notice a clear difference in catalytic performance after reducing 30%Fe-X%Co/Al2O3 catalysts at 950 °C. The H2 yield is still higher than that observed with 30%Fe-X%Ce/Al2O3 reduced at 950 °C. The results shown in Figure 8 suggest that promoting Fe/Al2O3 with Co has increased Fe stability as Co increases due to the catalytic behavior of Co and the increased carbon capacity of the bimetallic catalyst (Fe-Co) [14] , as discussed in the previous paragraph.
Effect of Reaction Temperature
The effect of temperature on the catalytic performance, represented in H2 yield after 20 min of TOS, is studied extensively. The results are shown below in Figures 10 and 11 . By increasing the reduction temperature to 950 °C, H2 yield decreased significantly since the active sites sintering at such a high temperature will lead to a substantial reduction in the surface area available for reaction. As shown in Figure 8 , the maximum yield after 20 min is 32.4% and 52.4% after 180 min as observed with respect to 30%Fe-30%Co/Al2O3. 30%Fe/Al2O3 exhibits H2 yield values of 13.6% and 11.7% after 20 and 180 minutes, respectively, which is considerably less than the yield observed with 30%Fe-X%Co/Al2O3. One can notice a clear difference in catalytic performance after reducing 30%Fe-X%Co/Al2O3 catalysts at 950 °C. The H2 yield is still higher than that observed with 30%Fe-X%Ce/Al2O3 reduced at 950 °C. The results shown in Figure 8 suggest that promoting Fe/Al2O3 with Co has increased Fe stability as Co increases due to the catalytic behavior of Co and the increased carbon capacity of the bimetallic catalyst (Fe-Co) [14] , as discussed in the previous paragraph.
The effect of temperature on the catalytic performance, represented in H2 yield after 20 min of TOS, is studied extensively. The results are shown below in Figures 10 and 11 . By increasing the reduction temperature to 950˝C, H 2 yield decreased significantly since the active sites sintering at such a high temperature will lead to a substantial reduction in the surface area available for reaction. As shown in Figure 8 , the maximum yield after 20 min is 32.4% and 52.4% after 180 min as observed with respect to 30%Fe-30%Co/Al 2 O 3 . 30%Fe/Al 2 O 3 exhibits H 2 yield values of 13.6% and 11.7% after 20 and 180 minutes, respectively, which is considerably less than the yield observed with 30%Fe-X%Co/Al 2 O 3 . One can notice a clear difference in catalytic performance after reducing 30%Fe-X%Co/Al 2 O 3 catalysts at 950˝C. The H 2 yield is still higher than that observed with 30%Fe-X%Ce/Al 2 O 3 reduced at 950˝C. The results shown in Figure 8 suggest that promoting Fe/Al 2 O 3 with Co has increased Fe stability as Co increases due to the catalytic behavior of Co and the increased carbon capacity of the bimetallic catalyst (Fe-Co) [14] , as discussed in the previous paragraph.
The effect of temperature on the catalytic performance, represented in H 2 yield after 20 min of TOS, is studied extensively. The results are shown below in Figures 10 and 11 . Figure 10 shows the effect of temperature on H 2 yield, using 30%Fe-X%Ce/Al 2 O 3 catalysts 20 min after the onset of the reaction. H 2 yield increases with temperature, which is expected since the reaction rate of CH 4 decomposition increases with temperature [1, [3] [4] [5] [6] . H 2 yield witnessed with monometallic catalyst 30%Fe/Al 2 O 3 exhibits a linear dependency on temperature. Using bimetallic catalysts 30%Fe-X%Ce/Al 2 O 3 , H 2 yield showed linear dependency on temperature between 500 and 700˝C. From 700 to 800˝C, H 2 yield tends to approach a stable performance as temperature increases. As the reaction temperature increases, H 2 yield is governed by different factors including reaction kinetics, change in Fe-Co phases, and sintering. As the temperature increases, the reaction kinetics will be faster but further increases in temperature will lead to faster sintering and active sites change until H 2 yield is suppressed. Figure 10 confirms the negative effect of Ce addition to 30%Fe/Al 2 O 3 , 30%Fe/Al 2 O 3 exhibits the highest H 2 yield through the entire temperature range under study (500-800˝C). The suppression in H 2 yield is attributed to active site sintering. Figure 10 shows the effect of temperature on H2 yield, using 30%Fe-X%Ce/Al2O3 catalysts 20 min after the onset of the reaction. H2 yield increases with temperature, which is expected since the reaction rate of CH4 decomposition increases with temperature [1, [3] [4] [5] [6] . H2 yield witnessed with monometallic catalyst 30%Fe/Al2O3 exhibits a linear dependency on temperature. Using bimetallic catalysts 30%Fe-X%Ce/Al2O3, H2 yield showed linear dependency on temperature between 500 and 700 °C. From 700 to 800 °C, H2 yield tends to approach a stable performance as temperature increases. As the reaction temperature increases, H2 yield is governed by different factors including reaction kinetics, change in Fe-Co phases, and sintering. As the temperature increases, the reaction kinetics will be faster but further increases in temperature will lead to faster sintering and active sites change until H2 yield is suppressed. Figure 10 confirms the negative effect of Ce addition to 30%Fe/Al2O3, 30%Fe/Al2O3 exhibits the highest H2 yield through the entire temperature range under study (500-800 °C). The suppression in H2 yield is attributed to active site sintering. Figure 11 shows the effect of temperature on H2 yield, using 30%Fe-X%Co/Al2O3 catalysts 20 min after the onset of the reaction. For all loadings of 30%Fe-X%Co/Al2O3, H2 yield experienced almost a linear dependency on temperature. H2 yield increases with temperature since the reaction rate is expected to increase with temperature [1, [3] [4] [5] [6] . The highest H2 yield is observed with 30%Fe-30%Co/Al2O3 at 700 °C and below. Higher than 700 °C, H2 yield is slightly suppressed with 30%Fe-30%Co/Al2O3. For other 30%Fe-X%Co/Al2O3 catalysts, H2 yield exhibits a linear increase over the temperature range 500-800 °C. The results have shown that sintering does not play a major role at higher temperatures with 30%Fe-X%Co/Al2O3. The results reveal the positive contribution of Co for Fe catalyst due to the increased thermal stability of Fe/Al2O3 when Co is added. Figure 10 shows the effect of temperature on H2 yield, using 30%Fe-X%Ce/Al2O3 catalysts 20 min after the onset of the reaction. H2 yield increases with temperature, which is expected since the reaction rate of CH4 decomposition increases with temperature [1, [3] [4] [5] [6] . H2 yield witnessed with monometallic catalyst 30%Fe/Al2O3 exhibits a linear dependency on temperature. Using bimetallic catalysts 30%Fe-X%Ce/Al2O3, H2 yield showed linear dependency on temperature between 500 and 700 °C. From 700 to 800 °C, H2 yield tends to approach a stable performance as temperature increases. As the reaction temperature increases, H2 yield is governed by different factors including reaction kinetics, change in Fe-Co phases, and sintering. As the temperature increases, the reaction kinetics will be faster but further increases in temperature will lead to faster sintering and active sites change until H2 yield is suppressed. Figure 10 confirms the negative effect of Ce addition to 30%Fe/Al2O3, 30%Fe/Al2O3 exhibits the highest H2 yield through the entire temperature range under study (500-800 °C). The suppression in H2 yield is attributed to active site sintering. Figure 11 shows the effect of temperature on H2 yield, using 30%Fe-X%Co/Al2O3 catalysts 20 min after the onset of the reaction. For all loadings of 30%Fe-X%Co/Al2O3, H2 yield experienced almost a linear dependency on temperature. H2 yield increases with temperature since the reaction rate is expected to increase with temperature [1, [3] [4] [5] [6] . The highest H2 yield is observed with 30%Fe-30%Co/Al2O3 at 700 °C and below. Higher than 700 °C, H2 yield is slightly suppressed with 30%Fe-30%Co/Al2O3. For other 30%Fe-X%Co/Al2O3 catalysts, H2 yield exhibits a linear increase over the temperature range 500-800 °C. The results have shown that sintering does not play a major role at higher temperatures with 30%Fe-X%Co/Al2O3. The results reveal the positive contribution of Co for Fe catalyst due to the increased thermal stability of Fe/Al2O3 when Co is added. Figure 11 shows the effect of temperature on H 2 yield, using 30%Fe-X%Co/Al 2 O 3 catalysts 20 min after the onset of the reaction. For all loadings of 30%Fe-X%Co/Al 2 O 3 , H 2 yield experienced almost a linear dependency on temperature. H 2 yield increases with temperature since the reaction rate is expected to increase with temperature [1, [3] [4] [5] [6] . The highest H 2 yield is observed with 30%Fe-30%Co/Al 2 O 3 at 700˝C and below. Higher than 700˝C, H 2 yield is slightly suppressed with 30%Fe-30%Co/Al 2 O 3 . For other 30%Fe-X%Co/Al 2 O 3 catalysts, H 2 yield exhibits a linear increase over the temperature range 500-800˝C. The results have shown that sintering does not play a major role at higher temperatures with 30%Fe-X%Co/Al 2 O 3 . The results reveal the positive contribution of Co for Fe catalyst due to the increased thermal stability of Fe/Al 2 O 3 when Co is added.
Characterization of Spent Catalyst
The deposited carbon on 30%Fe-15%Co/Al 2 O 3 is studied using TEM, and the deposited carbon is found only as carbon nano-tubes as shown in Figure 12a 
The deposited carbon on 30%Fe-15%Co/Al2O3 is studied using TEM, and the deposited carbon is found only as carbon nano-tubes as shown in Figure 12a ,b. The TEM images (Figure 12a,b) have indicated that active sites are still on the tip of carbon nano-tubes without formation of encapsulating carbon. The carbon nano-tubes' diameter varies from 14 to 73 nm, which may indicate the presence of single walled and multi-walled carbon nano-tubes. The inner diameter of carbon nanotubes varied along the nano-tube length from 13 to 26 nm.
(a) (b) Figure 12 . TEM images of carbon nano-tubes deposited on 30%Fe-15%Co/Al2O3 (reduced at 500 °C, reaction conditions: 700 °C, 180 min).
The Raman spectra of the spent catalysts are shown in Figure 13 . A similar spectrum has been observed for the three catalysts 30%Fe/Al2O3, 30%Fe-15%Co/Al2O3, 30%Fe-15%Ce/Al2O3, which supports our speculation based on XRD and TPR results since there is no evidence of formation of any chemical compounds between Fe and Co/Ce. The used catalyst samples were reduced at 500 °C and subjected to a reaction at 700 °C for 180 min. A weak Raman band is observed at 475 cm −1 corresponding to Fe2O3 [23, [28] [29] [30] The Raman spectra of the spent catalysts are shown in Figure 13 . A similar spectrum has been observed for the three catalysts 30%Fe/Al 2 O 3 , 30%Fe-15%Co/Al 2 O 3 , 30%Fe-15%Ce/Al 2 O 3 , which supports our speculation based on XRD and TPR results since there is no evidence of formation of any chemical compounds between Fe and Co/Ce. The used catalyst samples were reduced at 500˝C and subjected to a reaction at 700˝C for 180 min. A weak Raman band is observed at 475 cm´1 corresponding to Fe 2 O 3 [23, [28] [29] [30] 
The Raman spectra of the spent catalysts are shown in Figure 13 . A similar spectrum has been observed for the three catalysts 30%Fe/Al2O3, 30%Fe-15%Co/Al2O3, 30%Fe-15%Ce/Al2O3, which supports our speculation based on XRD and TPR results since there is no evidence of formation of any chemical compounds between Fe and Co/Ce. The used catalyst samples were reduced at 500 °C and subjected to a reaction at 700 °C for 180 min. A weak Raman band is observed at 475 cm −1 corresponding to Fe2O3 [23, [28] [29] [30] Two types of carbon nanotubes are detected from the Raman spectroscopy. A band signal at 1354 cm´1 is corresponding to a polycrystalline and imperfect graphite structure [31, 32] . While two Raman bands, at 1553 and 1652 cm´1, are corresponding for perfectly ordered graphitic structure [31, 32] .
The TPO patterns of carbon deposited during methane decomposition reaction are shown in Figure 14 . The used catalyst is reduced at 500˝C then subjected to methane decomposition reaction at 700˝C for 180 min. The deposited carbon is burned and the produced gas is analyzed using a GC until no more CO or CO 2 is detected. The results shown in Figure 14 represent the total carbon evolved including CO and CO 2 . Two peaks are detected one peak between 480 and 510˝C and another peak between 590 and 640˝C; corresponding to two types of carbon, namely: Cα and Cγ. Cα is easy to gasify while Cγ is harder [33] .
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Two types of carbon nanotubes are detected from the Raman spectroscopy. A band signal at 1354 cm −1 is corresponding to a polycrystalline and imperfect graphite structure [31, 32] . While two Raman bands, at 1553 and 1652 cm −1 , are corresponding for perfectly ordered graphitic structure [31, 32] .
The TPO patterns of carbon deposited during methane decomposition reaction are shown in Figure 14 . The used catalyst is reduced at 500 °C then subjected to methane decomposition reaction at 700 °C for 180 min. The deposited carbon is burned and the produced gas is analyzed using a GC until no more CO or CO2 is detected. The results shown in Figure 14 represent the total carbon evolved including CO and CO2. Two peaks are detected one peak between 480 and 510 °C and another peak between 590 and 640 °C; corresponding to two types of carbon, namely: Cα and Cγ. Cα is easy to gasify while Cγ is harder [33] . Figure 14 . TPO patterns for carbon deposited on the used catalysts (reduced at 500 °C, carbon deposited at 700 °C for 180 min).
Experimental Section
Catalyst Preparation
Supported Fe catalysts were prepared by the wet-impregnation method. Pellets of alumina (γ-Al2O3; SA6175) were supplied by Norton, Worcester, MA, USA. However, alumina pellets were crushed to a fine powder before being used as a final support material. (6, 15 and 30 wt. %) were prepared by co-impregnation of nitrate salts of Fe, Co, Ce using Al2O3 support as described below. The mixed catalysts will be designated throughout the article as: 30%Fe-X%Co/Al2O3, where X refers to the weight percentage of Co or Ce.
As in a typical wet-impregnation process, first the solution with a stoichiometric amount of [Fe(NO3)3•9H2O] was prepared in double distilled water, then the support (i.e., γ-Al2O3,) was impregnated in the prepared solution. The support was dried overnight at 150 °C. The impregnation mixture was stirred in a beaker at 80 °C for 3 h. After impregnation, the catalysts were dried overnight at 120 °C and followed by calcination at a temperature of 450 °C for 3 h in air. A calcination temperature of 450 °C has been used for iron-based catalysts for methane decomposition in several studies [18, 33] . Figure 14 . TPO patterns for carbon deposited on the used catalysts (reduced at 500˝C, carbon deposited at 700˝C for 180 min).
Catalytic Characterization
XRD Characterization
Experimental Section
Catalyst Preparation
Supported Fe catalysts were prepared by the wet-impregnation method. Pellets of alumina (γ-Al 2 O 3 ; SA6175) were supplied by Norton, Worcester, MA, USA. However, alumina pellets were crushed to a fine powder before being used as a final support material. As in a typical wet-impregnation process, first the solution with a stoichiometric amount of [Fe(NO 3 ) 3¨9 H 2 O] was prepared in double distilled water, then the support (i.e., γ-Al 2 O 3 ,) was impregnated in the prepared solution. The support was dried overnight at 150˝C. The impregnation mixture was stirred in a beaker at 80˝C for 3 h. After impregnation, the catalysts were dried overnight at 120˝C and followed by calcination at a temperature of 450˝C for 3 h in air. A calcination temperature of 450˝C has been used for iron-based catalysts for methane decomposition in several studies [18, 33] .
Catalytic Characterization
XRD Characterization
Rigaku (Miniflex, Tokyo, Japan) diffractometer was employed, with a Cu Kα radiation operated at 40 kV and 40 mA, to study the diffraction profiles of the calcined catalysts. The scanning range and step to be used for 2θ were taken as 10˝-85˝and 0.02˝respectively. The raw data file of the instrument was analyzed by X'pert high score plus software developed by PANalytical B.V. (Almelo, Netherlands). The peak intensity was measured and ASCII file was generated at granularity 8, bending factor 5, minimum, peak significance 1, minimum, peak width 0.40, maximum tip width 1 and peak base width 2 by minimum second derivatives. Finally, XRD was plotted after 5 point smoothing in Origin 8.0 (developed by Originlab, Northampton, NC, USA).
Temperature Programmed Reduction/oxidation (TPR/TPO)
Micromeritics (Auto Chem II 2920 apparatus, Norcross, GA, USA) was used to study the TPR/TPO measurements using 70 mg for each sample. The pretreatment under high purity Argon flow was carried out at 150˝C for half an hour. Then, the samples were cooled down to room temperature. Finally, furnace temperature was raised at 10˝C/min to 1000˝C under 40 mL/min flow rate of H 2 /Ar mixture containing 10 vol. % of H 2 . The signals of H 2 consumption were monitored by a thermal conductivity detector (TCD).
In order to find the nature of carbon deposition on spent catalysts, TPO experiments were performed. The catalyst samples under study were used previously in the catalytic methane decomposition reaction at 700˝C and 180 min. The samples were dried out at 150˝C for 30 min, under helium (He) flow (30 mL/min) and cooled down to room temperature, followed by an increase of temperature under O 2 /He (30 mL/min) flow with a temperature ramp of 10˝C/min to 1000˝C.
Hydrogen Chemisorption
Catalyst dispersion was measured using H 2 chemisorption in a Micromeritics (Auto Chem II 2920 apparatus, Norcross, GA, USA) using 74 mg of catalyst. The catalyst is reduced at 500˝C for 90 min. before hydrogen chemisorption measurements using 40 mL/min. of H 2 . Pulses of 1 vol. % H 2 in Ar were then injected through the catalyst bed and H 2 uptakes were measured. The dispersion is calculated using the instrument software assuming no interaction between mixed metals active sites. By considering the total number of moles of active metals, dispersion is calculated assuming a hydrogen adsorption stoichiometric factor equal to 1.
TEM
TEM measurements of spent samples were accomplished on a JEOL (JEM-2100F, JEOL Ltd, Tokyo, Japan) transmission electron microscope operated at 120 KV accelerating voltages to examine the morphology of the deposited carbon.
Raman Spectroscopy
Raman spectra were measured using TSI (ProRaman-L, Shoreview, MN, USA) for spent catalyst, the reaction conditions of the used samples at 700˝C for 180 min. The ProRaman-L is a high sensitivity CCD spectrograph CCD cooling temperature to´60˝C, and high throughput laboratory fiber optics probes. The excitation laser is available at 532 nm and 785 nm. The scanning was set between 250 and 1750 cm´1.
BET Surface Area Measurement
The BET surface area is measured using a Micromeritics (Tristar II 3020, Norcross, GA, USA) surface area and porosity analyzer. Nitrogen is used as the measuring gas at´196˝C. A 0.3 g of catalyst is pretreated at 300˝C for 180 min. under nitrogen atmosphere to remove moisture and adsorbed materials.
Catalyst Performance Evaluation
Catalytic methane decomposition (CMD) experiments over Fe based catalysts were performed under atmospheric pressure in a vertical stainless steel fixed-bed tubular (9.1 mm i.d. and 13 cm long) micro-reactor (PID Eng & Tech micro activity reference). The reaction setup used in this study is shown in detail elsewhere [19] . Overall, it consists of three main sections: gases delivery system, fixed bed reactor and products analysis section. A typical activity test is conducted over a fixed mass of catalyst (0.3 g) placed onto a quartz wool bed. In order to monitor the actual temperature in the reactor, a K-type stainless steel sheathed thermocouple is placed axially at the center of the catalyst bed. After loading the catalyst, a constant flow of N 2 (20 mL/min) was introduced to the reactor, to purge the moisture, air and other gases from the reactor. Prior to activity tests, the catalysts were subjected to a reduction treatment under a continuous flow of H 2 (40 mL/min) using two different temperatures to study the effect of reduction temperature on catalytic activity: 500˝C and 950˝C for 90 min. After reduction, the system was flushed with N 2 for 15 min to purge any residual and physisorbed hydrogen from the reactor. Then the reactor temperature was increased to desired reaction temperature (i.e., 700˝C) in the presence of N 2 . Once the desired temperature was achieved, a feed mixture of pure methane and N 2 gas was fed into the reactor. In a typical test, the volume ratio of the feed gas mixture, i.e., methane/nitrogen was 1.5/1, whereas the total flow rate was 25 mL/min with a space velocity of 5000 mL/h¨g cat . The composition of the outlet gas was analyzed by online gas chromatography (Alpha M.O.S PR2100, Toulouse, France) equipped with a thermal conductivity detector. After the reaction, N 2 gas was again introduced to replace the reactant gases at the reaction temperature. Then, the reactor was cooled to room temperature and subsequently the cooled catalyst was kept for characterization. The reproducibility of experimental runs was maintained and the reported results present the average of duplicate experimental runs.
Conclusions
Hydrogen is a very important raw material for many industries in addition to its importance as an energy carrier. Catalytic decomposition of methane can be employed to produce CO-free hydrogen. Fe in a bimetallic catalyst promoted with Co or Ce is studied using alumina as a support. The experimental results demonstrate a positive effect of Co addition to Fe, and a negative impact of the Ce addition to Fe on H 2 yield.
Loading of Co and Ce is investigated in the range of 0-30 wt. %. The best performance is observed using 30%Fe-15%Co/Al 2 O 3 at 700˝C, at which 71% H 2 yield is achieved after 180 min on stream. Higher reduction temperature (950˝C) has a negative impact on catalytic activity, which is attributed to the sintering of active sites at such high reaction temperatures. The yield has shown an almost linear dependency on temperature. The observations are explained in terms of metal interactions. Fe and Ce are combined in a manner that will reduce the surface area of the active sites and will decrease the catalytic activity. Adding Co to Fe will add another active metal for methane cracking which will improve the catalytic activity and increase carbon capacity. Carbon nano-tubes are found in TEM images with active sites on the tip, while no encapsulating carbon is detected. Two types of carbon nanotubes are found: Cα is easy to gasify while Cγ is harder.
